Ultrasonic methods are being developed for sensing and control of high temperature material processes such as welding and solidification. One of the problems in these methods is the distortion of the sound field caused by the change ill material properties due to temperature gradients. This paper describes a ray-tracing method for calculating the effects of temperature on ultrasonic propagation in such systems. In the ray-tracing method, the material is conceptually divided into a number of plane layers. The refraction at each layer boundary is calculated from Shell's law using the sound speeds determined from the temperatures of the adjacent layers. The time required for an ultrasonic pulse to traverse each layer is also calculated, allowing the determination of the total time along a particular path. The method is applied to calculating the time of arrival of echoes from various interfaces around a molten weld pool.
INTRODUCTION
Ultrasonic techniques are being developed for sensing and control of high-temperature material processes such as welding and solidification. In this and in previous work (I) we investigate the effects of temperature gradients on the propagation of ultrasound near a molten weld pool. The long-range goal is to use ultrasonic pulse-echo techniques to measure properties of the weld pool such as size and penetration and to use this information to control an automated welding machine. However, to determine the size of the weld pool correctly from the transit time of the echoes from the pool, we must include the corrections due to the temperature gradients. In addition to changing the transit time due to the lower sound speed in the hotter regions of the material, the temperature gradients also distort the direction of the lIdaho National Engineering Laboratory, P.O. Box 1625 , Idaho Falls, Idaho 83415-2209 147 sound beam, steering it toward regions of higher temperatures which have lower sound speeds.
Other investigators have performed experimental work to locate the molten-solid interface in steel and other metals using pulse-echo ultrasonic methods. For example, Parker, Manning, and Peterson (2) have used special scanning techniques and other signal processing methods to detect and study the interface. That paper also includes references to other workers in the area.
In section 2 we describe the experiments performed to measure the transit times of echoes from the weld pool and also to relate the experiments to the desired configuration that would be used for control of an automated welding machine. Next, we discuss the calculations required to interpret the data. These include numerical calculations of the temperature gradients around the pool and then calculations of the effects of the gradients on sound waves propagating near and through the pool. In section 4 the results of the calculations are compared to experiments.
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EXPERIMENTAL METHODS
In Ref. 1, Lott discusses the configuration that could be used for the control of an automatic welding machine. An angle-beam transducer sends out pulses of sound which, after reflecting off the bottom of the part, intersect the weld pool and reflect off various interfaces. The timing of the echoes returning to the transducer contain information about the position of the interfaces which, when interpreted correctly, indicate the geometry of the weld pool. This information is sent to the welding machine via a control system, and various welding parameters would be changed, if required, to maintain the desired weld pool configuration. In this paper we discuss only one aspect of the system, the sensing of the weld pool position and penetration. Additional work is also being done on the control system and on the modeling of the welding process. (3'4) The control system interprets the information in the returning ultrasonic echoes and sends the appropriate commands to the welding machine. The appropriateness of the commands is determined by the model of the welding process which relates the welding parameters to the properties of the weld pool.
To test the feasibility of the ultrasonic sensing system envisioned in Ref. 1, the initial experiments use simpler configurations such as that shown in Fig.  1 . A 304 stainless steel plate is partially submerged in water. A manual gas-tungsten arc welding (GTAW) process is used to produce a stationary weld pool on the top surface of the part. In the first series of experiments the transducer in the water below the part is aimed directly at the weld pool with the beam normal to the surface producing a longitudinal wave in the plate directed at the weld pool. In this configuration some of the complicating factors such as coupling the transducer to a hot surface and reflecting the beam off the bottom of the part are removed. Then the echoes from the interfaces can be interpreted more easily and the results compared to the calculations in a more straight-forward manner.
In a second series of experiments the transducer is also set at an angle of 19.6 ° to the normal of the plate so that mode-converted shear waves intersect the weld pool. This is one step closer to the configuration discussed in Ref. 1 and contains all the effects of the temperature gradients since the temperature is relatively uniform along the other sections of the beam path.
The test specimens are 25 mm (1 in) thick by 100 mm (4 in) wide by 360 mm (14 in) long plates of 304 stainless steel. Additional experiments are conducted with carbon steel. Commercial 12.7 mm (0.5 in) diameter broadband ultrasonic immersion transducers of nominal frequencies of 1, 2.25, 5, and 10 MHz are used with a commercial ultrasonic pulserreceiver unit. The data acquisition is completely automatic and computer controlled. (5) The pulser is triggered by a signal from the computer, and specified time windows of the received A scans are digitized to 8-bit accuracy at a rate of 20 MHz by a transient digitizer. The data are stored on disk and recalled for display and post-test processing.
After initial setup and alignment of the welding torch, transducer, and test specimen, the computer is instructed to trigger the pulser at regular intervals and to digitize and store windowed portions of the A scans. Once the data acquisition cycle is initiated, a welding arc is initiated and maintained for a period of time, typically 10 to 15 s and then turned off. Usually, 20 to 30 A scans are taken at 1 s intervals. Thus, a typical record consists of one or two A scans acquired before the welding arc is initiated, 10 to 15 A scans of reflected signals from the weld pool region as the pool forms and grows, and finally several more A scans acquired during cooling and solidification of the pool.
A typical set of A scans acquired during the longitudinal wave experiments is shown in Fig. 2 . The data are obtained at 1 s intervals before, during, and after welding, using 10 MHz (nominal) longitudinal waves in 304 stainless steel. The first A scan (time zero) is taken before the welding arc is initiated and shows only a reflection from the upper solid-air interface. The receiver gain is adjusted so that the initial reflection signal (before welding) from the top solid-air interface saturates the amplifiers in the digitizer. Because the attenuation increases with increas-
